Aims/hypothesis The aim of this study was to examine human enteroviruses (HEVs) and other intestinal viruses derived from children who participated in the Babydiet intervention study and to analyse the findings according to the appearance of islet autoantibodies, dietary intervention, maternal type 1 diabetes and clinical symptoms. Methods In the Babydiet study the influence of first gluten exposure (6 or 12 months) on the development of islet autoimmunity was investigated in 150 children with increased genetic and familial risk for type 1 diabetes. Blood and stool samples were collected at 3 monthly intervals until the age of 3 years and yearly thereafter. Infections and clinical symptoms were recorded daily for the first year. In the present study, 339 stool samples collected from 104 children during the first year of life were analysed for HEVs and a certain proportion of the samples were analysed for other intestinal viruses.
Introduction
The incidence of type 1 diabetes is increasing worldwide. While genetic factors contribute to this phenomenon, the role of environmental factors is clearly essential. Results from previous cross-sectional and prospective studies on type 1 diabetes patients and/or islet autoantibody seroconverting individuals have suggested that enterovirus infections are involved in the pathogenetic process [1] [2] [3] [4] [5] [6] . Studies on pancreatic tissues from human autopsies and cultured human islets support the idea that during systemic enterovirus infections, the virus may reach pancreatic islets and cause direct beta cell damage [7] [8] [9] [10] . Enterovirus genomes were detected in islets from postmortem pancreatic specimens of several type 1 diabetes patients but not in the corresponding samples from non-diabetic controls [7] .
Human enteroviruses (HEVs) belong to the Enterovirus genus of the Picornaviridae family and include over 100 different serotypes divided into four species (HEV A-D) [11] . HEVs are small non-enveloped RNA viruses that cause infections that are very common, especially in early childhood, and peak in the HEV season extending from late summer to the end of the year [12, 13] . Enteroviruses are transmitted via the gastrointestinal or respiratory tract and replicate in the intestine and secondary target organs. HEV infections are mainly asymptomatic, but they are also associated with several different clinical manifestations, including: mild upper respiratory illness (common cold); flu-like symptoms; diarrhoea; hand, foot and mouth disease; herpangina; aseptic meningitis; encephalitis; and neonatal sepsis-like disease [13, 14] .
In addition to HEVs, there are other RNA viruses that specifically infect the intestine and cause diarrhoea and are potentially associated with the pathogenetic processes prior to precipitation of autoimmune diseases. The potential role of rotavirus (RoV) infection in these processes has been reported several times [15] [16] [17] [18] ; cardiovirus infection can lead to systemic disease such as insulin-dependent diabetes in rodents [19] [20] [21] . In order to analyse potential connections between HEV infections and dietary factors in the process leading to clinical type 1 diabetes, we have investigated HEVs and other intestinal viruses derived from children with increased genetic and familial risk for type 1 diabetes participating in the Babydiet intervention study.
Methods
Babydiet study material We investigated the presence of HEV infections in children participating in the Babydiet dietary intervention study (ClinicalTrials.gov no. NCT01115621) [22] [23] [24] [25] . The Babydiet study determined whether delayed introduction of dietary gluten reduced the incidence of islet autoimmunity in high-risk firstdegree relatives of patients with type 1 diabetes. The intervention in the first year of life consisted of delayed and controlled gluten exposure at the age of 6 months (control group) and 12 months (intervention group). Babydiet children were followed within the intervention study protocol until the age of 3 years, and 6 monthly thereafter as part of a natural history follow-up protocol. Babydiet study participants (n = 150) are offspring or siblings of patients with type 1 diabetes and have one of the following high-risk HLA genotypes: DRB1*03-DQA1*0501-DQB1*0201/DRB1*04-DQA1*0301-DQB1*0302; DRB1*04-DQA1*0301-DQB1*0302/ DRB1*04-DQA1*0301-DQB1*0302; or DRB1*03-DQA1*0501-DQB1*0201/ DRB1*03-DQA1*0501-DQB1*0201.
Babydiet children were monitored intensively. The Babydiet protocol scheduled the collection of stool samples every 3 months from birth to the age of 3 years. For this HEV study, all stool samples available from the first year of life (n=339 faecal specimens) were included (electronic supplementary material [ESM] Fig. 1 ). The specimens were collected from 104 children at 2-12 months of age between December 2000 and June 2007 (ESM Fig. 2 ). The remaining 38 children were not compliant with stool sample collection and eight dropped out of the study before reaching 12 months of age and were also not included in the analyses. The number of specimens per child varied from one to five. Eleven of 339 faecal specimens were collected from children with gastrointestinal symptoms. Collection of infant diet, infection and medication data All families received a Babydiet book in which to record food, infections, illnesses and medications for the Babydiet children daily between the ages of 3 and 18 months. In particular, the introduction of new food groups and data on breastfeeding (yes, no) and the duration of 'full' breastfeeding (weeks) and 'any' breastfeeding were recorded by the parents. Breastfeeding was defined according to WHO criteria [26] as full breastfeeding if the infant received breast milk with or without supplementation with water or water-based drinks, vitamins and medicines, but without formula or other milk or solids, or as any breastfeeding if the infant received breast milk irrespective of any other types of food including full breastfeeding. Detailed data regarding fever (defined as temperature >38°C), gastrointestinal infections and treatment with systemic antibiotics were taken from the infectious disease and medication records written daily by the child's parents. The parents documented the number of days with fever, the number of days with infectious symptoms, the type of symptom, and the name and days of administered pharmaceutical agents or their active ingredient.
Processing of stool samples and RNA isolation A 10% (wt/vol.) stool extract was prepared by shaking with glass beads the stool specimen with PBS with benzylpenicillin (100 U/ml), streptomycin sulphate (100 μg/ml), gentamicin sulphate (50 μg/ml) and chloroform. After centrifugation (1,118 g for 20 min), stool extract supernatant fraction was collected. Viral RNA was isolated from 100 μl of stool extract using E.Z.N.A. Total RNA kit (Omega Bio-Tek, Doraville, GA, USA).
Gene amplification Extracted RNAs were analysed for HEV, NoV, AsV, RoV and SaV using validated real-time methods based on TaqMan chemistry. References for primers used in different PCRs were: Le Cann et al. for AsV [27] [32] . The cut-off threshold value was set at 10% of the strongest positive control. Curves rising above the threshold were considered positive. RNA samples were screened for SAFV with an in-house real-time RT-PCR method using the EXPRESS One-Step SYBR GreenER Kit (Invitrogen Corporation, Carlsbad, CA, USA) and primers described in Chiu et al. [33] . All real-time assays were carried out using an Mx3005P analyser (Stratagene, La Jolla, CA, USA). HEV genetic typing and sequence and phylogenetic analyses For typing the virus isolates obtained from viruspositive cell culture suspensions, RT-PCR for a partial 5′ part of the capsid protein VP1 coding region was performed as described by Oberste et al. [34] using primers 222-reverse and 292-forward. If the virus isolate was not successfully amplified, RT-PCR for a partial 3′ part of the VP1 region was performed with the primers 012-and 040-forward and 011-reverse [35] . RT-PCR products were visualised after electrophoresis on an ethidium-bromidestained 2% (wt/vol.) agarose gel and purified prior to sequencing with an Elchrom Gel Purification kit (Elchrom Scientific, Cham, Switzerland). For typing of the isolates infecting cell cultures weakly or not at all, semi-nested (sn) RT-PCR for a partial VP1 region was performed according to Nix et al. [36] using RNA obtained from the stool extract as a starting material. Primers AN32-35 for cDNA, SO224-forward and SO222-reverse for the first PCR and AN88-reverse and AN89-forward for the second PCR were used. The products of sn-RT-PCR were visualised after electrophoresis on an ethidium-bromide-stained 1.2% (wt/vol.) agarose gel and purified prior to sequencing with QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany). The purified products were sequenced at the Molecular Medicine Sequencing Laboratory (Biomedicum, Helsinki, Finland), with the same primer pairs as used in RT-PCR and sn-RT-PCR. Nucleotide sequence data were analysed with ContigExpress (Vector NTI Advance 10.1; Invitrogen). Nucleotide sequences were compared with sequences in GenBank using the BLAST nucleotide-nucleotide search tool [37] .
HEV isolation
Multiple sequence alignments were made using the Clustal W algorithm embedded in Molecular Evolutionary Genetics Analysis (MEGA) version 4.0 [38] . Phylogenetic trees were produced and visualised with MEGA version 4.0 using the neighbour-joining method [39] . Evolutionary distances were computed using the Tamura-Nei model [40] . Bootstrap analysis was performed using 1,000 replicates [41] .
Using the identified sequence data of the designated Babydiet isolates as query sequences, other available sequences of the corresponding serotypes were obtained from GenBank and from the local HEV database. The sequences generated in this study have been submitted to GenBank under accession numbers JN034197-JN034251.
Statistical analysis The prevalence of HEV infections was determined and compared between children developing islet autoantibodies and children who remained isletautoantibody-negative using the χ 2 test. The relationship of HEV infections to proband, diet and symptoms was also tested with the χ 2 test. Multivariate analyses of the influence of HEV infection, dietary intervention, proband and breastfeeding on the appearance of islet autoantibodies were performed using the general linear model. All p values were two-tailed. Statistical analyses were performed using the Statistical Package for Social Science (PASW Statistics 18.0; SPSS, Chicago, IL, USA).
Results
HEV screening Altogether, 32 of 339 (9.4%) stool samples were positive for HEV in real-time RT-PCR, and 24 of the 104 (23.1%) children examined had one or more HEV infections during the first year of life (Fig. 1) . In addition, five stool samples had fluorescence values in real-time RT-PCR that were increased but remained under the threshold limit described above. These samples were designated 'borderline cases'.
HEV isolation and identification
In order to identify virus strains and serotypes responsible for infections, HEVs were isolated with a traditional viral culturing method using the RD cell line. To confirm the result of the HEV-specific realtime RT-PCR all the samples were cultured. Altogether 62 specimens were detected that caused cell destruction with minor to total CPE. This number comprises 27 positive and 31 negative specimens in HEV real-time RT-PCR as well as four borderline cases. Samples from five real-time RT-PCRpositive and one borderline case did not have CPE in the cell line used. Samples positive in viral culturing with total CPE were identified to a serotype level by partial sequencing of the capsid protein VP1-coding region using virus-positive cell culture suspension as a starting material; samples negative or weakly positive in viral culturing but positive in real-time RT-PCR were identified using the more sensitive sn-RT-PCR and partial sequencing of the VP1 coding region using stool extract as a starting material. A serotype was identified from 30 and one of the real-time RT-PCR-positive and borderline case samples, respectively (31/37; 83.8%). Despite the CPE-like cell destruction, the real-time RT-PCR-negative samples remained negative in VP1 RT-PCR, confirming the result of the HEV-specific real-time RT-PCR. In total, identified HEV was detected in 9.1% (31/339) of the samples. One or more samples were HEV-positive with a confirmed serotype in 21.2% (22/104) of the children.
Identified HEV species and serotypes Based on partial VP1 sequences, a total of 13 different serotypes were detected (Fig. 2a) . Serotypes belonging to HEV-A and HEV-B species covered 64.5% and 35.5% of the findings, respectively, with an overall prevalence of 5.9% (20/339) and 3.2% (11/339), respectively. Neither HEV-C nor HEV-D group viruses were detected. The most common serotypes were coxsackievirus (CV)-A4, CV-A2, CV-A10 and echovirus (E)-25, accounting for 19.4%, 16.1%, 16.1% and 12.9% of the findings, respectively.
Seasonal variation of HEV infections
The majority of the HEV infections occurred during the enterovirus season (80.6% between July and December; data not shown). CV-A2 was detected during a year-long interval from July 2004 to July 2005, whereas CV-A4, CV-A10 and E-25 were detected during longer time periods (Fig. 2b) .
Age-specific frequency of HEV infection The number (11) and the frequency (22.4%) of HEV infections were highest at the age of 12 months (Fig. 3) . The HEV findings of the 12-month-olds included 45.5% and 54.5% of HEV-A and 
HEV infection in relation to islet autoantibody seroconversion
Of the 104 children included in the HEV study, 22 developed islet autoantibodies (ESM Fig. 1 , ESM Table 1 ). Four (18%) of these children had stool samples infected with HEV during the first year of life prior to the date of seroconversion. In contrast, 20 (24%) children who remained islet-autoantibody negative had HEV infections during the first year of life (p=0.5; Fig. 1 ). Of the four children with HEV infections prior to seroconversion, one had two HEV infections with distinct identified causative agents (CV-A6 and CV-B2 in samples 92 and 94, respectively) and three had one infection (CV-A2 in sample 177, E-9 in sample 79 and E-25 in sample 28). A multivariate analysis including HEV infections, dietary intervention, proband and breastfeeding was performed to determine the association of these variables with the appearance of islet autoantibodies. None of these variables was significantly associated with the development of islet autoantibodies, nor with the rate of HEV infections.
Relation of HEV infection to proband, diet and symptoms
The prevalence of HEV infections was similar in children from mothers with type 1 diabetes (25%) compared with children with affected fathers and/or siblings (21%, p=0.6).
The prevalence of HEV infections was also comparable in children who were introduced to gluten at age 6 months (23%) or 12 months (23%, p=1.0). Breastfeeding duration was 6.5 months in children with HEV infections compared with 6.4 months in children without HEV infections. Seven of the 24 children with HEV infections were breastfed at the time of HEV infection. There was no association of HEV infection and the presence of clinical symptoms. Information on corresponding clinical symptoms was available for 266 stool samples. Respiratory, gastrointestinal and other symptoms (such as otitis media) around the time of stool sampling were reported in 44%, 4% and 8% of HEV-positive stool samples and in 40.2%, 4.1% and 4.6% of HEV-negative stool samples.
Genetic characterisation of the HEV findings
The partial VP1 sequences of the frequently detected serotypes were compared with sequences in GenBank and phylogenetic trees were constructed in order to characterise genetic relationships. The clustering of the most common strains of this study (CV-A2, -A4, -A10 and E-25) indicates them to be similar to strains circulating in the community in general (data not shown except for CV-A2 and E-25 in ESM  Fig. 3 ). The phylogenetic trees of the strains derived from children who seroconverted to become autoantibody positive during the Babydiet intervention study (shown in ESM Table 1 ) as well as other strains of the given type identified in this study are presented in ESM Fig. 3 . Similarly, the autoantibody-positive strains clustered among the strains circulating in general. The CV-A2 phylogeny suggests wide geographic circulation of distinct genotypes. The phylogenetic analysis of CV-A6 sequences revealed three major lineages. The virus strain isolated from sample 92 grouped together with the strains isolated from Scandinavia. However, both CV-B2 and E-25 formed multiple temporally and geographically co-circulating lineages. The CV-B2 strains isolated from samples 94 and 210 clustered individually with Finnish and other European strains. The E-25 strains affiliated to clusters consisting of concomitantly circulating strains from Europe and Australia. E-9 strains formed a tree-trunk-like phylogeny with several inherently evolving sublineages. Both the diabetogenic E-9-DM strain isolated from a 6-week-old child at the clinical onset of type 1 diabetes [42] and the virus strain isolated from sample 79 are members of a large cluster with worldwide circulation. Strain 79 showed a close relationship to strains circulating in Western Europe and Australia at the time of isolation.
Other intestinal RNA viruses detected Eleven children had gastrointestinal symptoms during the first year of life (stomach pain, diarrhoea, constipation, nausea or vomiting) including four children with islet autoantibodies (children 7, 9, 12 and 19; ESM Table 1 ). Altogether 11 specimens collected from children with gastrointestinal symptoms were analysed, in addition to HEV, for the presence of other intestinal RNA viruses (NoV, AsV, RoV and SaV). Virus-specific real-time RT-PCR methods revealed that five of the studied faecal specimens were positive for enteric viruses (one for HEV, three for NoV and one for SaV). Two of the islet-autoantibody-positive children (numbers 7 and 9) had NoV infections and one (number 19) had an SaV infection. All the specimens derived from 12-month-olds, the age group of German children presumed to be just starting in day care, were screened for SAFV. The results of the in-house real-time RT-PCR method showed that all 49 stool samples analysed were negative for SAFV.
Discussion
In the pathogenesis of type 1 diabetes, intestinal events and factors entering the body via the intestine (e.g. infectious agents and nutritious substances) are considered to be of great importance. In order to demonstrate a potential connection of HEV infections and dietary factors in the process leading to clinical type 1 diabetes we have analysed stool samples collected from children with a higher risk for the development of type 1 diabetes for the presence of HEV infections with a validated real-time RT-PCR method. This material is unique for characterisation of early events in the process potentially leading to type 1 diabetes. The results of HEV detection were confirmed with a cell culture isolation method, the gold standard for HEV detection. While about 10% of the specimens tested positive for HEV, in accordance with other recent studies [43] , and several distinct serotypes of HEV were identified, no correlation was observed between HEV positivity in German children and the development of islet autoantibodies compared with HEV-negative children. It has been speculated that autoantibody-positive patients may have been infected with specific diabetogenic virus types. In this study five strains were isolated from autoantibody-positive children during the first year of life prior to the date of seroconversion. These strains were phylogenetically compared with strains isolated from autoantibody-negative children in this study as well as other reference strains. The strains isolated from children who tested positive for autoantibodies did not form phylogenetically distinct lineages, but clustered together with other circulating strains of respective types.
Viruses associated with the development of type 1 diabetes are likely to be the same viruses frequently circulating in communities. Most of our HEV findings belonged to HEV-A species, often considered rare and hard to detect with traditional virus isolation assays. Previously, HEV-A strains have been detected with a sensitive PCR method [44] . In this study, the majority of the HEV-A strains detected were also cell-culture positive. One of the observed HEV-A strains was CV-A6, which is known to have circulated in Europe [45] and to have caused a large outbreak in Finland subsequent to sampling the German children of the Babydiet study [46, 47] . These findings suggest that the discovery of HEV serotype pattern depends on the epidemiological situation and geographical area sampled. It is known that HEV-B types frequently circulate in communities [48] and are therefore readily isolated in surveillance studies that focus on diabetes-prone children. However, there is no reason to assume that viruses of other HEV species are less capable of infecting pancreatic beta cells or having a potential role in the process leading to type 1 diabetes [10, 49] .
The potential diabetogenic properties of enteroviruses may not be serotype specific, but large variations exist among virus strains of the same serotype in terms of capability of causing functional impairment and damage in pancreatic islet beta cells [10, 42] . The quasi-species nature of enteroviruses may mean that beta cell tropic and potentially diabetogenic variants can sporadically emerge during systemic enterovirus infection. Moreover, the potential diabetogenic properties are possibly defined partly by viral-strain-specific characteristics other than those defining or associated with serotype characteristics. These characteristics remain unnoticed in the molecular epidemiological analyses based on genomic capsid-coding sequences used for genetic typing. The pathogenetic properties of an enterovirus strain are partly independent of the serotype or genetic sublineage of a given isolate, and may vary greatly among strains within a serotype. For example, certain strains of E-11 cause haemorrhagic uveitis [50] , while their close genetic relatives are abundant in environmental sewage samples, reflecting wide circulation in a community without a drastic clinical outbreak [51] .
According to our hypothesis other intestinal infections may also be of importance in the process leading to type 1 diabetes. We explored the presence of other enteric viruses in the Babydiet material. Enteric viruses such as AsVs, RoVs, SaVs and NoVs are a major cause of acute gastroenteritis, one of the most common diseases in humans worldwide. RoVs, AsVs and SaVs cause infections primarily in children, while NoVs cause infections in all age groups. SaVs and NoVs were indeed detected in the Babydiet material, but because of the limited number of specimens studied here, the correlation of these agents and development of type 1 diabetes remains to be further elucidated. No SAFVs were detected among the 12-monthold children, presumably just starting in day care, despite the observed frequency [52] of this recently identified pathogen. However, the number of specimens studied was small, suggesting that no drastic conclusions can be drawn.
The association of HEVs with the development of autoimmunity or type 1 diabetes has been shown in several studies, including a recent meta-analysis [6] . However, there are also studies reporting a negative association [43] . The contradictory results observed for the association of enteroviruses and type 1 diabetes can potentially be explained by differences in the epidemic situation of enteroviral infectivity at the time of sample collection as well as by methods for the enterovirus detection. As enteroviruses are easily transmitted and circulate frequently, it is possible that the observed positive link to the future development of type 1 diabetes is only revealed at a favourable epidemic situation (i.e. at a time of outbreak-like enterovirus circulation). Genetic factors will also affect results [6] .
As a conclusion, the results of the Babydiet study show that HEV infection in the first year of life was not associated with dietary intervention, maternal diabetes, autoantibody development or reported clinical symptoms.
